Working memory is a critical function of the brain to maintain and manipulate information over 2 delay periods of seconds. Sensory areas have been implicated in working memory; however, it is 3 debated whether the delay-period activity of sensory regions is actively maintaining information or 4 passively reflecting top-down inputs. We hereby examined the anterior piriform cortex, an olfactory 5 cortex, in head-fixed mice performing a series of olfactory working memory tasks. Information 6 maintenance is necessary in these tasks, especially in a dual-task paradigm in which mice are required to 7 perform another distracting task while actively maintaining information during the delay period. 8 Optogenetic suppression of the piriform cortex activity during the delay period impaired performance in 9 all the tasks. Furthermore, electrophysiological recordings revealed that the delay-period activity of the 10 anterior piriform cortex encoded odor information with or without the distracting task. Thus, this 11 sensory cortex is critical for active information maintenance in working memory. 12 13
Summary 1
Working memory is a critical function of the brain to maintain and manipulate information over 2 delay periods of seconds. Sensory areas have been implicated in working memory; however, it is 3 debated whether the delay-period activity of sensory regions is actively maintaining information or 4 passively reflecting top-down inputs. We hereby examined the anterior piriform cortex, an olfactory 5 cortex, in head-fixed mice performing a series of olfactory working memory tasks. Information 6 maintenance is necessary in these tasks, especially in a dual-task paradigm in which mice are required to 7 perform another distracting task while actively maintaining information during the delay period. 8 Optogenetic suppression of the piriform cortex activity during the delay period impaired performance in 9 all the tasks. Furthermore, electrophysiological recordings revealed that the delay-period activity of the 10 anterior piriform cortex encoded odor information with or without the distracting task. Thus, this 11 sensory cortex is critical for active information maintenance in working memory.
Introduction
In the current study we tackled this debate in the anterior piriform cortex (APC) for olfactory WM. 1 The APC is a good candidate because it is directly connected with the olfactory bulb (Bekkers and Wilson, 1998) . Finally, the piriform cortex is also activated in a human olfactory WM task (Zelano et al., 12 2009). We trained head-fixed mice to perform a series of olfactory WM tasks, with or without a 13 distracting task during the delay period. We found that optogenetic suppression of the APC activity 14 during the delay period impaired performance in all the tasks. Furthermore, electrophysiological 15 recordings revealed that the delay-period activity can code odor information with or without the 16 distracting task. Thus, the APC is critical for active information maintenance in olfactory working 17 memory. 18 
Results

19
The design and performance of a delayed non-match to sample task 20 To temporally dissociate information maintenance from perception and decision making, we firstly 21 trained head-fixed mice to perform an olfactory delayed non-match to sample (DNMS) task (Liu et al., sensory-discriminating Go/No-go (GNG) task. The APC activity before the test odor was 1 optogenetically suppressed ( Figure 2C) . Thirdly, mice were trained to perform a non-match-to-sample 2 without delay (NMS-WOD) task. The APC activity before and after test-odor delivery was suppressed in 3 the tasks (Figure 2D) . The lack of behavioral impairment in all three control experiments excluded the 4 perception-impairment hypothesis. Therefore the functional role of the APC delay activity should be 5 information maintenance. 6 Formal model comparison further demonstrating the importance of APC delay-period activity 7 The behavioral defects following optogenetic perturbation of the APC delay-period activity reflected 8 its critical contribution to information maintenance. In order to quantify this contribution, we designed 9 seven candidate generalized linear models (GLMs) by systematically varying the combinations of task 10 parameters in fitting the performance (Figure 3A) . A good model should exhibit a high R 2 in explaining 11 performance and a low Akaike information criterion (AIC, see STAR Methods), which punishes higher 12 number of free parameters. Such formal model comparison can quantitatively reveal relative 13 contribution of different behavioral parameters in determining performance (Brunton et al., 2013; 14 Hwang et al., 2017). 15 We started with the null-hypothesis that no task parameter affects performance (#1, Figures 3A and   16 3B). Adding the variables of both the sensory cues (#2) and the time constant for memory decay (#3, 17 from Figure 1D ) improved the performance of the models, consistent with the obvious importance of 18 sensory cues and delay duration in this task. The genotypes, laser on/off, and the perturbation in 19 delay/baseline period did not further improve the model if added individually (#4). However, the 20 interaction among all these terms improved the model (#5), consistent with the impaired performance in 21 the optogenetic suppression during the delay-period for the VGAT-ChR2 mice, but not during the 22 baseline period or for the control mice. By eliminating less predictive variables, we obtained the 23 optimized model (#6, Figures 3A-3C , Tables S1 and S2), which contained only three key parameters 24 and the interactions among them: optogenetic suppression or not during the delay period, match or 25 non-match relationship, and the delay duration. This association between the WM delay perturbation and the delay durations is consistent with the critical role of the APC delay activity in information 1 maintenance ( Figure 3D) . Quantitatively, the impact of optogenetic perturbation out-weighted that of 2 the delay duration ( Figure 3D) . The above analysis further demonstrated the importance of the APC 3 delay-period activity for WM in the olfactory DNMS task. 4 The importance of the APC delay-period activity in an olfactory delayed paired association task 5 The activity of a sensory cortex can be suppressed or enhanced following the repetition of the 6 sensory stimuli (Miller et al., 1993) . It has also been suggested that the DNMS task in monkeys can be 7 performed through a recency effect and with little selective memory maintenance (Wittig and Richmond, 8 2014). To eliminate the involvement of the repeated sample cues, we trained mice to perform an 9 olfactory delayed paired association (DPA) task ( Figure 4A) . In this task, mice were trained to establish 10 an association between the specific pairs of the sample-test odors separated by a delay period ( Figure   11 4A, modified from ref. (Schoenbaum and Eichenbaum, 1995) ). In each trial, a sample odor (S1, ethyl 12 acetate; or S2, 3-methyl-2-buten-1-ol) was presented, followed by a delay period (13 sec), then a test 13 odor (T1, n-butanol; or T2, propyl formate). Mice were rewarded with water if they licked within the 14 response window in the paired trials (S1-T1 or S2-T2), but not in the unpaired trials (S1-T2 or S2-T1, 15 Figure 4A ). Successful performance of the task required WM maintenance and learning of arbitrary 16 association between the odor pairs. Importantly, using repetition (Miller et al., 1993) or recency effect 17 (Wittig and Richmond, 2014) cannot solve the task, because the sample odor is not repeated within a 18 trial. Mice readily learnt the task (Figure 4D , the black curve) and optogenetic suppression of the APC 19 delay-period activity impaired the DPA performance (Figures 4B, S2A-S2D) . Therefore, the APC 20 delay-period activity is critical for WM, even in a task without repetition of the sensory cues.
21
The APC delay activity is critical for active maintenance against a distracting task 22 A hallmark of active maintenance in WM is resistance against distractors during the delay period 23 (Baddeley, 2012; Bettencourt and Xu, 2016; Miller et al., 1996) . To test this ability in mice, we added a 24 distracting GNG task during the delay period of the DPA task ( Figure 4C ). This paradigm belongs to the dual-task designs in studying the central executive control (Baddeley, 2012 ; Watanabe and Funahashi, 1 2014), because mice were required to split attention in the middle of the delay period and perform the 2 GNG task, while simultaneously maintaining the sample information of the DPA task ( Figure 4C) . Mice 3 can indeed perform the dual task ( Figure 4D, the red curve) . The DPA performance in the dual-task 4 paradigm was reduced compared to that of the simple DPA task (Figures 4D and 4E) , consistent with 5 the dual-task interference observed in human (Baddeley, 2012) and monkeys (Watanabe and Funahashi, 6 2014). Moreover, interference was dependent on the trial types inserted in the DPA delay, with the worst 7 performance for the Go-distractor trials (Figure 4E) . We then optogenetically suppressed the 8 delay-period activity of the APC pyramidal neurons after the distracting GNG task. Behavioral 9 performance of DPA task was significantly impaired in the laser-on trials in the VGAT-ChR2 group 10 ( Figure 4F) . The performance in the laser-on vs. laser-off trials between the VGAT-ChR2 and control 11 groups tended to differ (P = 0.06, Rank-sum test). The difference in the false alarm rate in the laser-on 12 and -off trials was statistically significant between the VGAT-ChR2 and control mice ( Figure S2F ). As 13 a negative control, optogenetic suppression before sample delivery did not affect performance (Figures 14 S2I-S2N). Therefore the APC delay-period activity is critical for active maintenance against a 15 distracting task.
16
Neural correlates of the APC activity in the DNMS task 17 To investigate the neural correlates of the APC in WM, we recorded the single-unit activity (Figures 18 5A and 5B) using custom-made tetrodes ( Figure S3 ) (Liu et al., 2014) . Mice were trained with the 19 DNMS task with a 4-sec delay period and recording started from the first day of the training. Recording 20 electrodes were advanced daily (approximately 50 µm/day after recording sessions). After 2-4 days into 21 the training, the delay duration was increased to 8 sec. We obtained 204 neurons from 18 mice while 22 they performed the task with 4-sec delay duration and 156 neurons from 17 mice with 8-sec delay 23 duration. The activity of many APC neurons in the delay period was related to the identity of the sample 24 odors (an example neuron in Figure 5A ). Population coding for the maintained information can be 25 visualized in a neuronal-activity heat map, grouped according to the different sample odors (4 and 8 sec in Figures S3 and 5B, respectively). A population decoding analysis based on support vector machine 1 (SVM) also demonstrated clear decoding power of the APC delay activity for the sample odors (Figures 2 5C and 5D). Interestingly, the dynamics of the decoding accuracy in the 8s-delay-tasks closely followed 3 that of the 4s-delay-tasks that scaled-up with a factor of two, consistent with the active maintenance of 4 information in accordance with task requirement. 5 Neural correlates of the APC activity in the multi-sample DPA task 6 It was shown that the number of stimuli used for training can bias the strategies of the animals 7 (Slotnick, 2001), so one might argue about the generality of the results using just two odorants as the 8 sample odors. We therefore trained the mice with a DPA task using six odorants samples (S1-S6) and 9 two odorants as test (T1 and T2), in which S1, S2 and S3 paired with T1, and S4, S5 and S6 paired with 10 T2 for reward (multiple-sample DPA, Figure 6A ). Despite an initial relearning in each day, mice 11 performed this task well ( Figure 6B) . Similar to the DNMS task with two sample odors, we observed 12 many neurons with sample-odor information during the delay period, as revealed by mutual information 13 (MI, Figure 6C , see STAR Methods), which measures to what degree the responses are informative 14 about the identity of the stimulus. A similar results were also obtained with the SVM decoding analysis 15 ( Figure 6D) . 16 Neural correlates of the APC activity in the dual-task design 17 We then examined APC neuronal activity in the dual task. Even after application of the distracting 18 task during the delay period, APC population activity still coded the DPA samples and GNG distractors, 19 as shown in the MI analysis of one example neuron in Figure 7A . In the APC neuronal population, 20 approximately 30% of neurons can code for both the DPA samples and GNG odors (Figure 7B ). In the 21 SVM decoding analysis, the APC activity can code for the DPA sample odors in the dual task design 22 without distractor, with the No-go distractor, or with the Go distractor (Figures 7C-7E ) after the 23 distracting task. As mentioned in the previous optogenetic results, the DPA performance was related to 24 the distractor type in the recording sessions (Figures 4E and 7F) . Interestingly, we observed that the SVM decoding accuracy during the delay period after the distractor task was also related to the 1 distractor type and performance (Figure 7F) , supporting the critical role of APC selectivity in 2 performing the DPA task in the dual-task design. Our work causally demonstrated that the APC was critical in the active maintenance in olfactory 5 working memory. Using optogenetic manipulation in a series of behavioral tasks that temporally isolated 6 retention of sensory information during the delay period from decision making, we demonstrated that 7 the APC delay activity was critical for active information maintenance in working memory with or 8 without distraction. The control experiments demonstrated that the behavioral defects of optogenetic 9 perturbation during the delay period were due to impaired information maintenance. The APC 10 population activity exhibited mutual information and decoding power for the odor samples during the 11 odor-delivery and delay periods. Therefore, although the APC activity is constantly updated by ongoing 12 sensory inputs, this sensory cortex is resistant to overwriting and can maintain information through 13 population activity in the WM tasks, even with a distracting task during the delay period. This is 14 contrary to the prediction by the theory of passive reflection from higher associative areas and supports , 1998) . Until recently we lacked the necessary techniques with millisecond-precision in perturbation of neuronal activity and unambiguous task design to determine: (1) whether the 1 perturbation during the delay-period activity in sensory regions induce behavioral deficits; (2) whether 2 the sustained memory-selective delay-period activity in the sensory areas is robust to intervening 3 distractors. 4 In this study, we found that optogenetic suppression of the APC activity during the delay period 5 impaired performance in a series of olfactory working memory tasks. Furthermore, electrophysiological 6 recordings revealed that the delay-period activity can code for odor information even with an 7 overlapping distracting task. Thus, the APC is critical for active information maintenance in olfactory 8 working memory. 9 Distributed network Interaction 10 The olfactory pathway downstream from the olfactory bulb is organized in a highly parallel manner, 11 as mitral/tufted neurons in the olfactory bulb project to multiple brain regions, including the APC, the Dynamic transfer of the functional role from mPFC to APC through learning 21 Previously we showed that the delay-period activity of the medial prefrontal cortex (mPFC) was 22 only important during the learning but not the well-trained phase in the olfactory WM task (Liu et al., 23 2014). Therefore it is pertinent to examine the roles of different brain regions in learning and well-trained mice. The results of our optogenetic and recording experiments causally demonstrated that 1 the APC delay activity was important in the well-trained phases. Thus, the functional role of memory 2 maintenance is transferred from the mPFC to the APC through learning. The underlying mechanisms of 3 the transfer and the potential involvement of other brain regions remain to be determined. 4 The APC neuronal activity is associated with olfactory perception, but it also varies depending on 5 brain states, task design, or learning experience (Courtiol and Wilson, 2016). For this reason the APC 6 has long been suggested to be an associative sensory region (Bekkers and Suzuki, 2013; Courtiol and 7 Wilson, 2016). Consistent with this notion, our results causally demonstrated the importance of the APC 8 activity beyond sensory perception. In summary, our results underscore the importance of olfactory 9 sensory cortex in memory maintenance and behavioral choices beyond immediate sensory processing. S1 : n-butanol S2: propyl formate S2 S1 S1 S2 following the APC delay-period suppression in the DNMS task with 12s delay. 
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METHOD DETAILS
18
Behavioral setups 19 We utilized the DNMS task, DPA task and dual-task as described previously ( 270989, Sigma-Aldrich), 3-methyl-2-buten-1-ol (1:500, W364703, Sigma-Aldrich), 1-pentanol (1:500, 28 398268, Sigma-Aldrich) and butyl formate (1:500; 261521, Sigma-Aldrich) were used at specified 29 concentration in mineral oil (v/v; O1224, Fisher Scientific). For the multiple-sample DPA task, the stock odorants are exposed to individually controlled air flow, and the odor-mixtures were mixed to the air at 1 1:10 concentration (v/v). The concentration of odors were measured by a photoionization detector (200B 2 miniPID, Aurora Scientific Inc.), and the concentration during delay duration reduced to that of the 3 baseline level within 1s after valve shut-off. Behavior events and timings were simultaneously sent to 4 and recorded by a computer using customarily written software.
5
Behavior training 6 The DNMS task was carried out as described previously(Liu et al., 2014). Briefly, a sample 7 olfactory stimulus was presented for 1 second at the start of a trial, followed by a delay duration of 4-40 8 sec (mice need to retain the information of the first stimulus (sample) during the delay duration), then a 9 test olfactory stimulus for 1 second, identical to (in match trials) or different from (in non-matched 10 trials) the sample. After a 1-second pre-response-delay, mice were trained to lick in the 0.5s response 11 window only in non-matched trials. Hit or False alarm was defined as detection of lick events in the 12 response window in a non-match or match trial, respectively. Similarly, Miss or Correct rejection were 13 defined as absence of a lick event in the response window in a non-match or match trial. A reward of 5μl 14 water was triggered immediately only after Hit; mice were neither rewarded nor punished following 15 other responses. Mice were allowed to perform up to 300 trials each day, a consecutive combination of 16 10 miss and correct rejection trials also triggers the end of the session; only the trials within well-trained 17 performance windows (no less than 80% correct rate within consecutive 40 unperturbed trials) were 18 included for data analysis, unless stated otherwise. In the increasing delay duration experiment, the mice 19 were trained to perform the DNMS task with 5s delay to the well-trained criterion, then the delay 20 duration was increased every day; the first 100 trials was included for the analysis to assist parallel 21 comparison. An inter-trial interval twice as long as the delay duration separated consecutive trials. 22 In the DPA task, one of two sample odor was presented for 1 second at the start of a trial, followed 23 by a delay duration of 13 sec, then one of two different test odors for 1 second. One of the sample odor 24 and one of the test odor formed a rewarded pair, while the other two odors formed another rewarded windows (no less than 80% correct rate within consecutive 40 unperturbed trials) were included for data 33 analysis, unless stated otherwise. An inter-trial interval as long as the delay durations separated 34 consecutive trials. 35 The multiple sample DPA (MS-DPA) task is like the DPA task described previously, except that the 36 number of candidate sample odors were increased to 6; three of the samples and one test formed rewarded pairs (e.g., S1, S2, S3 and T1), and the other 3 samples and the other test formed remaining 1 rewarded pairs (e.g., S4, S5, S6 and T2). The delay duration in the MS-DPA task is 5 seconds. 2 In the dual-task, a secondary Go/No-go task was inserted into the delay duration of the DPA task. 3 The olfactory cue delivery of the Go/No-go task started at the third second into the DPA task delay 4 period and was presented for 0.5 second. After a 0.5-second pre-response-delay, mice were trained to 5 lick in the 0.5s response window after the Go stimulus. Hit or False alarm of the Go/No-go task was 6 defined as detection of lick events in the response window in a Go or No-go trial, respectively. Similarly, 7 Miss or Correct rejection were defined as absence of a lick event in the response window in a Go or 8 No-go trial. A reward of 5μl water was triggered immediately only after Hit; mice were neither rewarded 9 nor punished following other responses. The sample and test stimuli of the DPA task and the stimulus of 10 the Go/No-go task are arranged independently in a pseudo-random fashion. Mice were allowed to 11 perform up to 288 dual-task trials each day, a consecutive combination of 10 miss and correct rejection 12 trials also triggers the end of the session; for the well-trained phase studies, only the trials within 13 well-trained performance windows (no less than 80% DPA correct rate within consecutive 40 14 unperturbed trials) were used for data analysis; for the learning phase, all trials are included in the 15 analysis, unless stated otherwise. An inter-trial interval as long as the delay duration of the DPA task 16 separated consecutive trials. The Go/No-go task is omitted in one third of all trials. The performance in 17 the 4 th day of the dual-task learning stage was used to estimate the dual-task interference (Figure 4E) . 18 Mice were water restricted for 48 hours before start of training, followed by habituation, shaping 19 and learning phases, before well-trained optogenetic sessions. In habituation phase, mice were 20 head-fixed in the olfactometry apparatus for 2hrs and allowed to lick water from the water port, 21 encouraged by program controlled water delivery. Typically in 1 to 2 days, mice could learn to 22 spontaneously trigger more than 100 water rewards. In the shaping phase, only non-match or paired 23 trials were presented, and water will be pseudo-randomly and programmatically delivered after 1/3 of 24 the Miss responses to encourage task engagement. Shaping phase ended once the mice could perform with laser power ramp, the dynamics were further calibrated by an oscilloscope. 20 In the DNMS task optogenetic sessions (Figures 1H-1N, 2B-2D, and S1) , the optogenetic 21 perturbation was arranged in an interleaved one-trial-on, one-trial-off fashion; each session started with 22 a laser-off trial. In the DPA task and dual-task optogenetic sessions (Figures 4B, 4F and S2) , the 23 optogenetic perturbation was arranged in an interleaved one-block-on, one-block-off fashion, and each 24 block consisted of 24 trials; each session started with a laser-off block.
25
Immunostaining and imaging 26 After the conclusion of experiments, mice were deeply anesthetized with sodium pentobarbital (120 27 mg / kg) and then perfused transcardially with 20 mL 0.9% NaCl solution followed by 20 mL The implantation procedure was similar to previous report (Liu et al., 2014) . Briefly, all surgical 4 tools and the microdrive were sterilized by ultraviolet radiation for more than 20 minutes before 5 implantation. One cranial window of 0.5 by 1 mm was made in either hemisphere centered at A.P. 6 +1.42mm, M.L. 2.5mm, and electrodes were lowered at D.V. 3mm to target the APC. Tissue gel 7 (1469SB, 3M) and dental cement were carefully applied to cover the exposed brain tissue and to fix the 8 microdrive. Antibiotics (ampicillin sodium, 20 mg/mL, 160 mg/kg b.w.) was injected for three 9 consecutive days after surgery. Behavior training started 7 to 14 days after that. Recording of behaving 10 mice were made with electrodes lowered for approximately 50 μm each day after the last day of shaping. Offline Sorter was performed in 2D or 3D feature space (including principle components) of waveforms. 21 Single units was included only if there were no more than 0.15% of spikes occurred within 2 ms 22 refractory period and the averaged firing rate was higher than 2 Hz. All recording sites were further 23 confirmed by passing current (50µA, 100ms, 1Hz x 5 pulses) through the electrodes, and verified with 24 DAPI staining and immunochemistry 1 day after the lesion. (Figures 6B and S3) . The baseline period was defined as the one second before onset of the sample odor 22 delivery. Firing rates from baseline of each trial were averaged to form the baseline activity vectors for 23 each neuron. Mean and standard deviation of this baseline activity vector were used to convert averaged 24 firing rates into Z-scores. Activity of all neurons following different sample odors were sorted by the 25 differences between sample odors during the delay period and plotted as heat map using the "jet" 26 color-map defined in MATLAB.
27
Mutual information 28 Briefly, the spike counts for each neuron during task trials were binned in 500ms windows moving at 29 100ms resolution, and transformed to firing rates, then grouped according to the sample odor. The represented the probability of a response rate r given that sample was s. The mutual information for the 1 sample of a neuron in a task was thus calculated as rates of all neurons in 30 bootstrap trials for each sample odor were selected to train the support vector Fig. 7F) , the decoding accuracy was obtained using averaged firing rates from 1 sec before the test 17 onset to the test offset, to reflect the neuronal activity critical to decision making for the DPA task.
18
DATA AND SOFTWARE AVAILABILITY
19
Data availability 20 The data that support the findings of this study are available from the corresponding author upon 21 reasonable request. Figure S2 , Zhang, et al. Correct rates in the dual-task DPA task following the APC optogenetic suppression during baseline period. Statistic above control groups, the Wilcoxon Rank-Sum test; numbers above ChR2 groups, Student's paired t-test. (K-N)Similar to A-D, but in the dual-task DPA task following the APC optogenetic suppression during baseline period. (A-C) Microdrive, tetrode and recording sites. Images of Microdrive (A), tetrode (B, electron microscopy), and recording sites (C, indicated by dashed line). (D) Activity of neurons in DNMS task with odor S1 (left) and S2 (right) as sample. Color: firing rates (FR) in Z-scores. Neurons were aligned according to the value of FR S1 -FR S2 during delay period. White gap indicated for the onset of offset of odor delivery 
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